Electronmicroscopic observation of the denaturation pattern of 130 partially denaturated linear mitochondrial DNA molecules from Saccharomyces carlsbergensis was used to investigate the distribution of AT-rich sequences within the mitochondrial genome. The molecules were observed after heating to 43°C in the presence of 12% formaldehyde. These conditions resulted in an average denaturaticn per molecule of 21%. The average length of the molecules was 10 ym, and a few molecules had a length corresponding to the size of the complete genome. The undenaturated regions varied in length from 0.1 to 5.0 urn with denaturated regions of length 0.02 to 0.1 ym in between. A denaturation map was constructed by use of one of the long molecules (28.7 ym) as a master molecule for positioning of all other molecules. This map shows distinct regions corresponding to the position of easily denaturated sequences in the mitochondrial DNA. These sequences which presumably correspond to the very AT-rich regions, known to exist in the yeast mitochondrial DNA, were found at intervals of about 0.5 -3 ym on the map.
INTRODUCTION
The DNA in wild-type mitochondria of the yeasts Saccharomyces cerevisiae and S.carlsbergensis is circular with a contour length of about 26 ym-'-. The average base composition of the DNA is 18% G+C, if determined by chemical methods, but calculated from buoyant density, 1.684 g/cm 3 , and the thermal denaturation temperature, 74.o°C, the G+C content is 24% and 12%, respectively .
This discrepancy in G+C content, determined by the different To obtain further information on the extent and distribution of the very AT-rich sequences in yeast mitochondrial DNA, we have studied this DNA by electronmicroscopy after partial denaturation of the DNA in the presence of formaldehyde.
MATERIALS AND METHODS

Saccharomyces carlsbergensis NCYC 74S was grown, converted
to spheroplasts and the mitochondrial DNA isolated. The purity was confirmed by analytical ultracentrifugation and thermal denaturation, as described . The preparations were photographed with a Jeol 100 B electronmicroscope (60 KV) at magnifications of 6,000 or 9,000 times using high contrast specimen holders. The negatives (Kodak electron image plates) were enlarged five times to make paper copies.
d) Measurements
The pictures of the DNA molecules on the paper copies were . b) Number in paranthesis gives number of molecules measured.
As seen from table 1 the fraction of a molecule melted at different temperatures increases from 5% at 40°C to 21% at 43°C. The last temperature corresponds to the mean denaturation temperature at that salt and formaldehyde concentration, so one might expect at an average 50% of a molecule to be denaturated. The 21% denaturation actually found may be explained by a reformation of native DNA when the denaturation conditions are withdrawn. At temperatures above 43°C the denaturation proceeded to very extensive strand separation. From these considerations it was suggested that a denaturation temperature of 4 3°C might give optimal conditions for a denaturation mapping of the mitochondrial DNA. Accordingly, this temperature was chosen for the following experiments. The distribution of the length of the 130 individual DNA molecules studied after partial denaturation at 43°C in the presence of 12% formaldehyde is shown in Fig. 2 . The length of a molecule was calculated as the sum of the length of undenaturated and denaturated regions. Because a single-stranded DNA branch of a denaturated loop has a certain probability of collapsing or folding up on itself, the longest branch was always used as the length of a denaturated region. However, the average difference in the length of the branches of all denaturated loops measured was only 0.02 ym or about 5%. It is seen from Fig. 2 that the distribution in length of the DNA molecules is Fig. 3 . It shows the fraction of molecules carrying a denaturated site at a given position on the x-axis of that figure. This fraction was calculated for each o.ol pm interval along the x-axis of Fig, 3 . 'i'he two arrows indicate the beginning and the end of the master molecule in Fig. 3 used for positioning of all other molecules (see legend to Fig. 3 and text) . Fig. 4 . The circle has the same length as the master molecule (28.7 pm) indicated in Fig, 3 , and is obtained by joining the points corresponding to the ends of the master molecule. The marks on the inside of the circle indicate distances in urn. The black areas on the circle show the position and extent of regions with a high probability for denaturation under the experimental conditions used (see legend to Fig. 3 ) . These regions were drawn when more than 25% of the molecules transversing a point (each o.ol pm) were observed as denatured (columns above O.25 in Fig. 4 ) , and only the part of If the pattern of the observed molecules is not reflecting distinct features of a common sequence, one would expect a map that strictly if anything reflected the structure of the master molecule -in particular no new denaturation sites would be expected on the map. This is in contrast to our map, where five new sites can be identified. Moreover, in regions with several closely placed sites on the master, we can see different patterns of modifications: Some sites are combined to one larger site, -some sites remain as clearly defined entities.
The extent of the denaturated regions in Fig. 5 is naturally influenced by the conditions for denaturation of the DNA, lower denaturation temperatures presumably giving narrower regions. It is obviously also dependent on the way in which the figure is constructed. If the size of the easily denaturated regions in Fig. 5 can be taken as an indication for the extent of the very AT-rich sequences, these do not vary much. In conclusion, it appears as if the very AT-rich sequences known to exist in yeast mitochondrial DNA are 'highly dispersed all-over the genome at intervals from about 0.5 urn to about 3 ym and that these sequences are not widely different in size.
The intramolecular heterogeneity of yeast mitochondrial DNA found in this study is in agreement with results obtained by others using hydroxyapatite fractionation of partially degraded DNA ' and with reassociation and sedimentation studies 6 . The fractionation studies showed, that A+T and G+C rich sequences were interspersed in the mitochondrial DNA. The average size of both types of sequences was at least 10 5 to 10 6 daltons, and the A+T rich sequences might consitute almost 50% of the DNA 10 ' 11 .
It is known that mitochondrial DNA codes for one copy of r-RNA, several transfer RNAs and some hydrophobic inner membrane 18 proteins . None of these genes, of course, can be placed on the denaturation map. However, it is seen from Fig. 5 that the map contains stretches relatively resistant to denaturation (i.e. high G+C content) and of a length able to accomodate, for example, a r-RNA cistron (1.5-2 ym). A definite positioning of the mitochondrial genes on the denaturation map must await further studies on mitochondrial genetics and eventually electron microscopy of hybrids between known mitochondrial RNAs and mitochondrial DNA.
The principal findings in this study support the results of intramolecular heterogeneity of yeast mitochondrial DNA obtained These authors found A+T and G+C rich sequences interspersed in the mitochondrial DNA. The average size of both types of sequences was at least 1 0 5 -1 0 6 daltons. It was further concluded that the A+T rich sequences might constitute almost 50% of the mitochondrial DNA. Very recent studies on the degradation of yeast mitochondrial DNA with micrococcal nuclease 1 9 and with restriction e n z y m e s 2 0 ' 2 1 show that specific fragments of the mitochondrial genomes from different wild type yeasts add up to a size in the order of 40 to 50 megadaltons. Furthermore these studies show differences between different wild-types in the specific fragmentation pattern and the absence of major repeated components. The G+C rich stretches are very heterogenous in 19 f\ base composition and with an average size of about 1-2 x 10 daltons. These results are in good agreement with the present work, and further studies of the denaturation pattern of specifically cleaved fragments of mitochondrial DNA may further improve the resolution of our map and help in placing the fragments in proper order.
